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Abstract 
In last decades, solar stills, as one of the solar desalination technologies, have been 
well studied in terms of their productivity, efficiency and economics. Recently, to 
overcome the bottleneck of traditional solar still, improving solar still by optimizing 
the solar evaporation process based on micro/nanomaterials have been proposed as a 
promising strategy. In this review, the recent development for achieving 
high-performance of solar still and solar evaporation are discussed, including 
materials as well as system configurations. Meanwhile, machine learning was used to 
analyze the importance of different factors on solar evaporation, where thermal design 
was founded to be the most significant parameter that contributes in high-efficiency 
solar evaporation. Moreover, several important points for the further investigations of 
solar still and solar evaporation were also discussed, including the temperature of the 
air-water interface, salt rejecting and durability, the effect of solid-liquid interaction 
on water phase change. 
 
Keywords：micro/nanomaterials; micro/nanoparticles; solar still; solar evaporation; 
desalination; phase change. 
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1. Introduction 
Safe freshwater is essential for urban expansion, human civilization, and 
industrial development. Billions of people are suffering freshwater scarcity while 
seawater covers 70% of the earth in area. Given the both of environment pollution and 
water scarcity, it is desirable to develop eco-friendly technology for seawater 
desalination [1]. However, due to population growth and industrial development, 
human demand for freshwater resources has risen rapidly day after day. Nowadays, 
the problem of drinking water is one of the major problems that both developed and 
developing countries are facing [2]. Most health problems are caused by the scarcity of 
clean drinking water [3]. In recent decades, the lack of rainfall all over the world has 
led to an increase in the salinity of water bodies. Environmental pollution further 
exacerbates the scarcity of clean freshwater [4].  
One of most important ways to address the freshwater scarcity is seawater 
desalination. Solar desalination, which uses renewable solar energy, is considered as a 
promising desalination technology to provide clean water with no or minimal 
environmental impacts. Compared to high-grade energy such as fuel and electric 
energy, solar energy does not depend on the long-range transportation due to 
worldwide distributed. At the same time, solar energy is eco-friendly energy, which is 
in agreement with the environmental protection policies all over the world. Therefore, 
solar desalination is getting more and more interest [5]. 
As a convenient solar thermal desalination technology, solar still is very useful in 
some places where insufficient electrical power and complicated desalination plants 
(such as RO plants) are not available [6]. For instance, poor, remote coastal area and 
emergency water supply in outdoor. The system and working principle of solar still 
are very simple compared to other desalination technologies, which make it no need 
skilled labor for operation and maintenance [7]. Meanwhile, the efficiency of the 
photo-thermal process is much higher than the photo-electric process, which gives 
solar still a potential to outperform electric based desalination process. However, the 
application of solar still is limited by its low productivity. Investigation of suitable 
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materials and system designs might make photo-thermal process based solar still 
system develop to a new stage and contribute more in desalination field. 
During past decades, many traditional ways have been developed to improve the 
efficiency of solar still, including using cotton cloth [8], sponge [9], charcoal [10] and so 
forth to improve the solar absorption. External area and power source, such as 
collectors [11], condenser[12] or reflectors [13], were also used and broadly studied. 
However, the energy efficiencies of traditional solar stills remain low (about 30-45%), 
due to the inefficient evaporation and condensation process, as well as the large heat 
dissipation to the ambient of system [14]. 
Recently, micro/nanotechnology shows a great potential in improving solar 
desalination and solar evaporation, due to high thermal conductivity, large surface 
area and high solar absorptivity of micro/nanomaterials [15]. Various nanostructured 
solar absorber materials, such as plasmonic metals [16], carbon-based materials [17], 
polymers [18] and semiconductors [19] with efficient photothermal conversion 
capabilities have been studied. Several effective concepts have been proposed to fully 
take the advantages of nanotechnology. For example, nanobubble formation [20] and 
heat localization [21], which direct the design of volumetric evaporation system and 
surface heating evaporation system, respectively [5, 22].  
In this paper, the state-of-the-art developments in micro/nanotechnology for 
improving solar still and solar evaporation is reviewed. Various factors, such as 
material form, materials types, and thermal design and so forth, are compared and 
discussed in details. To evaluate the importance of different factors, a dataset of 
reported results is built and the machine learning method is carried out. The important 
gaps between research results of solar evaporation and solar still are also highlighted 
and discussed, which points out the future directions of this field. 
2. Solar still by micro/nanoparticles 
2.1 Passive solar still 
The schematic diagram of how to use suspended nanoparticles or nanofluids in a 
basic solar desalination system, i.e. solar still (SS), is shown in Fig. 1a and 1b. It 
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consists of a well-insulated container where brackish/saline water with nanoparticles 
is collected at its base. The upper surface of the container is covered by a tightly 
sealed glazier cover to minimize vapor leakage. Insolation entering the still through 
the glass is absorbed by nanofluids, hence the nanofluid is heated up. Nanoparticles 
absorb a large amount of solar radiation and discharge the heat to a base fluid (water) 
and the water molecules begin to evaporate faster. Vapor molecules are carried up 
from the surface of water to the air inside the still by natural convection and the air 
becomes saturated by vapors. When this saturated air strikes the cool inner glass 
surface, condensation of vapor molecules began to occur. This condensate water 
slides down due to gravity and accumulates outside the still as freshwater.  
 
Fig. 1 (a) Mixing nanoparticles with base water and (b) Working conventional solar 
still with nanofluid. 
As illustrated in Fig. 1b, passive solar still indicates the most basic solar still, 
which has no extra power input and additional equipment. In this section, the 
modifications done in the passive solar still with nanoparticles are summarized. Oxide 
nanoparticles based nanofluids are the most common type used in solar still, due to 
the excellent durability and low cost. Al2O3 was found to be an effective nanoparticle 
among various oxide nanoparticles in passive solar still. One of the reasons might be 
that higher thermal conductivity of nanofluid gives higher efficiency and productivity 
under sunny days in April at Kovilpatti (9° 11′ N, 77° 52′ E) Tamil Nadu, India, 
Al2O3 nanofluid gave 29.95% enhancement, pursued by 18.63% for SnO2 and 12.67% 
for ZnO. Thermal conductivity of Al2O3, SnO2, and ZnO nanofluids are 0.6355 
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W/(m2·K), 0.6215 W/(m2·K), 0.6105 W/(m2·K), respectively [23]. The trend of thermal 
conductivity agrees well with the enhancement. The experiments of CuO, TiO2 and 
Al2O3 under climatic conditions of New Delhi for the month of March also give the 
same conclusion[24]. The test has been carried out at various concentrations (0.2, 0.25 
and 0.3%wt) in passive double slope SS to obtain the best concentration (0.25%) of 
the three nanoparticles. The best energy efficiency was gained for nanofluid (CuO 
43.81%, TiO2 46.10%; and Al2O3 50.34%;) in compared with the pure water (37.78%). 
The results also agree with the trend thermal conductivity which are 0.6901 W/(m2·K), 
0.7261 W/(m2·K) and 0.7863 W/(m2·K), for CuO, TiO2 and Al2O3, respectively. The 
experimental results agree with the theoretical analysis, which further proves the 
importance of thermal property of nanofluid in solar still. 
Nevertheless, the concentration of nanofluid in the above-mentioned works are 
relatively low (0.05-0.3%wt), hence the enhancement is not very high. Enhance the 
concentration might further enhance the productivity of solar still [3]. However, given 
the white color of Al2O3, TiO2, ZnO and SnO2 nanoparticles, the high reflectance of 
these nanoparticles under high concentration might decrease the productivity. 
Therefore, nanoparticles with black color might be a better choice for a higher 
concentration of nanofluid in solar still, such as CuO and carbon-based nanoparticles. 
Sharshir et al. investigated the effect of graphite micro-flakes (GMF) and copper 
oxide (CuO) with glass cover cooling on the SS performance on September in Wuhan, 
China. The GMF and CuO with various weight concentrations ranged from 0.125% to 
2% was studied. Various brine depths ranged from 0.25 to 5 cm., and various glass 
cover cooling flow rates ranged from 1 to 12 kg/h were examined to achieve the best 
performance. The obtained results using CuO with glass cooling enhanced the still 
productivity by approximately 44.91% as well as using GMF with glass cooling 
improved the productivity by 53.95%, compared with the conventional one. When 
using the CuO and the water exit from glass cover cooling as feed water to the still the 
freshwater is enhanced by approximately 47.80%. Eventually, the daily efficiencies of 
the modified SSs using GMF and CuO microparticles with glass cooling are 49% and 
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46%, respectively [25]. Furthermore, when GMF nanofluid is combined with glass film 
cooling and phase change material the daily productivity is enhanced by 73.80%, as 
compared with the conventional SS [26]. 
2.2 Active solar still 
The active solar still is similar to the passive solar still but integrated with the 
external energy dissipation devices such as external condenser and fan or collectors 
and pump as illustrated in Fig. 2. In this section, the modifications done in the active 
solar still with micro/nanoparticles are summarized. Due to the enhanced the heat and 
mass transfer rate, which is a benefit to the evaporation and condensation process, 
active solar still is found to be able to take better advantage of nanofluids than passive 
solar still.  
External condenser is one of the most popular and effective components used in 
active SS for enhancing the condensation rate. By combining nanofluid and external 
condenser, both high evaporation rate and condensation rate can be achieved. Kabeel 
et al. studied the effect of Al2O3 and Cu2O on the performance of SS with and without 
external condenser. The performance was examined at various concentrations without 
and with providing vacuum. The large improvement in output freshwater productivity 
was gained with using Cu2O nanoparticles at the optimal concentration of 0.2% 
together with the vacuum fan as an external condenser. The experimental results 
showed that using Al2O3 nonmaterial increased the freshwater output approximately 
by 88.97% and 125.0% without and with electric fan (external condenser), 
respectively, as compared with that of conventional stills. Cu2O nanoparticles improve 
freshwater output by about 93.87% and 133.64% without and with electric fan 
(external condenser), respectively [27]. Omara et al. investigated experimentally a 
hybrid distillation unit including corrugated plate absorbers, wick material, reflectors, 
external condenser and nanoparticles (Cu2O and Al2O3). The productivity of modified 
SS was enhanced by approximately 285.10% and 254.88% for Cu2O and Al2O3, 
respectively, at 1cm brine depth and 1.97%wt. of concentration [28]. Clearly, active 
SSs with nanofluids show a much better performance than traditional passive SSs. 
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However, the cost might increase due to the need of extra devices and energy. 
The nanofluid-based solar collector is another popular component for improving 
active solar still. Compared to directly use nanoparticles in the basin of solar still, 
nanoparticles in solar collector can be more stable due to the stir of pumps. The loss 
of materials can be also avoided when the flow cycle is closed as illustrated in Fig. 2. 
Nevertheless, the productivity enhancement of using nanofluid-based solar collector is 
not very significant according to the reported results. Mahian et al. conducted 
investigation to improve SSs by using two types of nanofluids (SiO2 and Cu
 /water 
nanofluid) with two flat plate collectors joint in series, as illustrated in Fig. 2. It shows 
that the productivity of SS improved by only about 1% when using SiO2 nanofluid at 
4% volume fraction and nanofluid temperature at 70 ºC, although the convection heat 
transfer coefficient is enhanced by about 15.4% [29]. Sahota et al. also investigated the 
active SS integrated with water collectors and heat exchanger. The freshwater output of 
using CuO, TiO2, and Al2O3 was enhanced by about 31.49%, 7.26% and 26.4%, 
respectively, compared with that of pure water [30].  
 
Fig. 2 Diagrammatic of the experimental setup of solar still with the solar collector 
and nanofluid [29]. Copyright 2017 Elsevier. 
2.3 Challenges of using nanofluids in solar still 
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In solar stills, especially in active solar stills, metallic surfaces are important to 
improve the heat transfer process. However, nanofluid might enhance the erosion and 
corrosion on a metallic surface by both chemical and physical ways [31]. When the 
fluid’s characteristics fall in the typical chemical corrosion range, even for a limited 
time interval, a marked and fast consumption of the metallic surface will be observed 
[32]. Meanwhile, nanofluid also shows erosion due to the collision between the 
metallic surface and particles in the bended pipes [33]. Therefore, to avoid the erosion 
and corrosion, the nanofluid should be preliminarily tested before its adoption in 
desalination system and be assessed on possible negative interactions with 
components [31]. It is also effective to take advantage of nanofluid itself to decrease 
erosion and corrosion, such as promoting the formation of a compact protective film 
on the metallic surface by nanoparticles [34]. Proper system design and maintenance 
are also necessary to decrease effects of erosion and corrosion [35]. 
Besides erosion and corrosion phenomena, stability of nanofluid and pressure 
drop are another two problems when using nanofluids for solar desalination. Long 
term stability is still one of the major challenges for nanofluids and requires more 
researches. Poor stability results in aggregation and settlement of particles as well as 
chemical dissolutions, which lead to the failure of nanofluid [36]. For passive device, 
where there is no pump to circulate and stir the nanofluids, high agglomeration of 
nanoparticles will occur, specially at height temperature gradients [37]. Pressure drop 
and pumping power problems will appear in active solar still when using 
nanoparticles. The increase of nanofluid concentration results in an increase in 
pressure drop under turbulent regime [38]. The increased pressure drop will inevitably 
increase the operation cost of system. 
2.4 Section summary 
Nanofluids have great potential to enhance the energy efficiency and heat transfer 
in solar still system, which increases the freshwater output of solar still system. Many 
kinds of nanoparticles are studied in the previous works, such as Al2O3, ZnO, SnO2, 
CuO, TiO2 and graphite particles (Table 1). The enhancement of productivity is due to 
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the several merits compared to base fluid (i.e. water), such as high thermal 
conductivity and high solar absorptivity. However, the stability of nanofluid, erosion 
and corrosion by nanofluid, as well as pressure drop of pump by nanofluid are three 
important challenges in this field. Meanwhile, oxide nanoparticles such as Al2O3, ZnO 
and TiO2 are white, which should have low solar absorptivity thus to the 
disadvantages of enhancement in productivity. Therefore, more detailed and 
fundamental studies should be explored to further understand the reported 
enhancement by these white nanoparticles.
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Table 1. Summary of solar stills with different types of micro/nanoparticles for enhancing the production 
Types of SS Types of particles Size Concentration, % Modifications Enhancement, % Criticism and disadvantages 
Passive solar stills 
ZnO [23] 
Al2O3 
SnO2 
9.3-16 nm 
240-395 nm 
114-115 nm 
0.1 - 
12.67 
29.95 
18.63 
missing efficiency 
Graphite [25a] 
CuO 
1.3 μm 
1 μm 
1 Glass cooling 
57.60 
47.80 
missing cost 
Graphite [26] 1.3 μm 0.5 Glass cooling and PCM 73.8 missing efficiency 
Al2O3 [27b] 
Cu2O 
10-14 nm 0.2 External condenser 
88.97 
93.87 
missing efficiency 
Al2O3 [27a] 10-14 nm 0.2 External condenser 76 missing efficiency 
Al2O3 [3] 20 nm 0.12 - 12.2 missing cost 
CuO [24] 
TiO2 
Al2O3 
20 nm 0.25 - 
43.81 
46.10 
50.34 
missing cost 
Active solar stills 
Al2O3 [27b] 
Cu2O 
10-14 nm 0.2 
External condenser 
With fan 
125.0 
133.64 
missing efficiency 
Al2O3 [27a] 10-14 nm 0.2 
External condenser 
With fan 
116 missing efficiency 
Al2O3 [28] 
Cu2O 
10-14 nm 1.97 
Wick absorbers，internal 
reflectors and external 
condenser. 
285.10 
254.88 
missing efficiency 
CuO [30] 
TiO2 
Al2O3 
20 nm 0.25 Flat plate collectors 
31.49 
7.26 
26.4 
missing efficiency 
SiO2 [29] 
Cu 
7 nm 4 
Flat plate collector and 
heat exchanger 
0.66 
9.86 
missing cost 
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3. Solar evaporation by micro/nanomaterials 
Recently, solar evaporation draws much more attention compared to the whole 
solar still system, particularly during the last five years. Much effort has been done to 
improve solar evaporation by nanomaterials. The solar evaporation system can be 
divided into two categories: a volumetric system and interface system, which contains 
nanofluid and floatable porous materials, respectively (Fig. 3). Porous materials are 
foams and membranes, which have micro/nanostructures. 
 
 
Fig. 3 Schematic diagram of micro/nanomaterials in solar evaporation system. 
 
3.1 Volumetric system by nanofluids 
In a volumetric system, solar irradiation is mostly absorbed by suspended 
nanoparticles. Water is heated by nanoparticles and then evaporates. Metallic 
nanoparticles, carbon-based nanoparticles and are the two main kinds of nanoparticles 
for improving solar evaporation during the past decade. Metallic nanoparticles 
convert solar irradiation to heat mostly based on plasmonic effect, i.e. photons 
induced electronic resonance in metallic nanoparticles which generate heat due to 
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electron-phonon scattering. Metallic nanoparticles strongly absorb light when the 
optical frequency matches the resonance frequency of electron in nanoparticles[5]. 
Meanwhile, the plasmonic effect in nanoparticles can be designed and adjusted by 
changing the shape, size, location, surface chemistry of particles, and so on [39]. 
Therefore, tuning the optical property of metallic nanoparticles becomes a hot topic 
during the last several years. 
In the beginning, metal-based nanofluids arise much interest in evaporation field 
due to the laser-induced generation of vapor bubbles [40]. When the laser intensity 
overs a typical threshold, the water around the particles reaches a high temperature, 
resulting in explosive evaporation. Thus, a bubble around the nanoparticles will be 
formed [41]. The nanoparticle-generated bubbles may temporally and spatially localize 
laser-induced thermal field and prevent residual heating of the bulk media, which 
indicates a high energy efficiency, due to a lower bulk temperature and a less heat loss 
[20, 42]. 
Inspired by laser-induced nanobubbles generation, metal-based nanofluids were 
further studied under concentrated solar irradiation to show its potential for solar 
evaporation. By using golden nanofluids, Halas et al. found that 80% of the absorbed 
sunlight was converted into water vapor and only 20% of the absorbed light energy 
was converted into heating of the surrounding liquid [20, 43]. To understand the 
mechanism, subsequent researches were carried out. The results show that the 
high-efficiency evaporation is caused by the collective effect mediated by multiple 
light scattering from dispersed nanoparticles. Randomly positioned nanoparticles that 
both scatter and absorb light can concentrate light energy into mesoscale volumes 
near the illuminated surface of the liquid. The resulting light absorption creates 
intense localized heating and efficient vaporization of the surrounding liquid [44]. A 
similar conclusion was obtained by Jin et al. [45]. It means that the nanobubble doesn’t 
exist in the solar irradiation-based system, which is different from the laser-based 
system. 
To further improve the energy efficiency of metal-based nanofluid system, many 
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efforts have been devoted to optimize the optical property of the nanofluid, such as 
controlling morphology [46], concentration [47], compounds of particles [48]and 
diameters [49]. However, the required power density for efficiently using metal-based 
nanofluid is always hundreds of suns, thus high equipment cost is required for the 
solar concentration. Meanwhile, the material cost of metal nanoparticles is quite high. 
Therefore, the potential of using metal-based nanofluid in industrial solar evaporation 
process is questionable. 
Different from metal-based nanoparticles, carbon-based nanoparticles have much 
lower materials cost and higher solar absorptivity. The cost of producing 1 g/s vapor 
by gold nanoparticles is found to be ~300 folds higher than that produced by carbon 
black nanoparticles [50]. Carbon-based materials absorb solar energy mainly by 
thermal vibrations, hence a high and broadband absorptivity can be achieved under 
low solar intensity [5]. Therefore, some researchers turned to carbon-based 
nanoparticles or nanocomposites which shows a high efficiency under a relatively low 
solar concentration [51]. For example, graphene-silver nanoparticle composites exhibit 
a high efficiency as 80% under around 60 suns [52], and graphene oxide-gold 
nanoparticle composites have an efficiency up to 59.2% under 16.77 suns [53]. The 
pristine carbon nanoparticles such as carbon black, graphite and carbon nanotube have 
an efficiency up to 69% under only 10 suns [22]. Thereby, carbon-based nanoparticles 
seem to be a more suitable material for solar evaporation compared to metallic 
nanoparticles. 
3.2 Interface system based on floatable porous materials 
Compared to nanofluid, an essential benefit of floatable porous materials is 
creating solar heating at air-water interface. Key components are solar absorber, 
floating evaporation structure and porous materials. A solar absorber that can 
efficiently absorb and convert the solar radiation into heat. While allowing the vapor 
to permeate through the front face, a floating evaporation structure that can 
simultaneously maximize the evaporation rate and supply liquid to the heated region 
[54]. Porous materials, such as foams and films, concentrate thermal energy and fluid 
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flow were needed for phase change and minimizes dissipated energy [21]. As shown in 
Fig. 3, solar energy is absorbed on the top surface of porous material and creates a hot 
layer. The porous foam, which has low thermal conductivity, prevents the heat 
transferring from hot layer to bulk water. That is, heat is localized at the hot surface. 
To reach a high evaporation rate, the setup for heat localization needs to have four 
main characteristics: high absorption in the solar spectrum, low thermal conductivity 
to suppress heat dissipation, hydrophilic surfaces to leverage capillary forces and 
promote fluid flow, and interconnected pores for fluid flow [21]. Moreover, compared 
to nanofluid, floatable porous materials can be easily recycled. Hence, the 
maintenance cost is low. 
 
3.2.1 Materials design 
(i) Films 
Due to the thin thickness (mostly micrometer scale), films show a potential to 
achieve high evaporation efficiency with very few amounts of materials. Paper-based 
film is one of most popular materials used in the air-water interface evaporation 
system, because it is cheap and scalable [55]. A common method to fabricate 
paper-based photo-thermal film is depositing nanoparticles on airlaid paper. For 
example, gold nanoparticles and graphene oxide nanoparticles [56] [57]. Due to the 
improved solar absorption by higher surface roughness of papers, paper-based AuNP 
films give a much higher evaporation rate compared to pure AuNP films. The energy 
efficiency of paper-based AuNP film is able to reach 77.8% under 4.5 suns [58]. 
Other kinds of porous films, such as silica membrane [19], noble metal membrane 
[59], aluminum oxide membrane [60], zeolite membrane [61], wood membrane [62], 
polymer and fibers membrane[63], are also well studied. Some films exhibit good 
performance with a thin thickness. The nitrogen doped 3D porous hydrophilic 
graphene membrane (thickness 35 μm) enables an efficiency reaches up to 80 % 
under one sun of solar irradiation [64]. The evaporation efficiency of MXene thin 
membranes with only several micrometers in thickness can reach up to 84% under 
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one sun irradiation [65]. Based on alumina nonporous membrane (50 μm in thickness), 
Zhu’s group developed several plasmon-enhanced solar desalination devices. Firstly, 
gold nanoparticles were used as plasmonic absorbers and found that the energy 
efficiency can reach up to over 90% under 4 suns. Later, to decrease the materials cost, 
gold nanoparticles were replaced by aluminum nanoparticles. The energy efficiency 
remains over 90% under 6 suns. [39, 66]. It is also found that films with nanometer 
thickness also show high efficiency. The ultrathin 2D porous photothermal film (120 
nm in thickness) based on MoS2 nanosheets and single-walled nanotube (SWNT) 
gives an energy efficiency reach up to 91.5% under 5 sun [67]. 
 
Fig. 4 Different nanostructure morphologies of membrane. (a) Nanocage of black 
Titania nanoparticles. (b) Cauliflower-shaped hierarchical surface nanostructure on a 
copper surface. (c) Vertically aligned graphene sheets membrane (VAGSM). (a) 
Reprinted with permission from Ref. [68]. Copyright (2016) American Chemical 
Society. (b) Reprinted with permission from Ref. [69]. Copyright (2016) The Royal 
Society of Chemistry. (c) Reprinted with permission from Ref. [70]. Copyright (2017) 
American Chemical Society. 
Besides the use of different materials, the designing of micro/nanoscale 
 17 
 
membrane surface structures is also a popular strategy to enhance evaporation. The 
main purpose of structure designing is to enhance solar absorptivity. It is challenging 
to achieve high solar absorptivity in a very thin film for most materials, due to 
shortened light path. Therefore, to absorb as much light as possible within a limited 
thickness, the light trapping effect has been proposed in many works, which enhances 
residence time and length of light path [68]. For example, a black Titania film with 
unique nanocage structure on the surface can increase the energy efficiency by more 
than 30% under solar intensity of 1 kW/m2, due to the dramatically enhanced 
absorptivity (Fig. 4a) [68]. Other special structures, such as cauliflower-shaped 
hierarchical surface (Fig. 4b), vertically aligned graphene sheets membrane (VAGSM) 
(Fig. 4c) were also proved very effective in improving solar evaporation. [69-70] 
(ii) Foams 
Although films exhibit excellent performance, its thin thickness limited the heat 
localization effect; hence the heat loss to bulk water remains relatively high. 
Therefore, to further prevent the heat transfer between hot interface and bulk water, 
foams (centimeter scale in thickness) are a better candidate than films.  
Aerogels are ideal materials for solar evaporation, due to their extremely low 
thermal conductivities and porous structures. One of the ways to fabricate suitable 
aerogels is integrating cellulose with metallic nanomaterials, such as dispersing gold 
nanorods into highly porous bacterial nanocellulose based aerogels [71]. Another way 
is integrating cellulose with carbon materials which have broader absorption band and 
more cost effective compared with metallic materials. The bilayer structure is a 
common method to use carbon materials in cellulose. A layer of the carbon material is 
on the top for solar absorption, while a layer of aerogel under is used for water 
transport, thermal insulation and supporting the carbon layer. The evaporation 
efficiency can reach up to 78% at 1 kW/m2 solar irradiation, which is much higher 
than metallic nanomaterials based cellulose aerogel [72]. Fabricating carbon aerogel 
directly is also well studied. GO aerogel and graphene aerogel is the most popular 
carbon aerogel used for solar evaporation [73]. The evaporation efficiency is up to 
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around 80%-90% under only 1 sun. [74]. 
Interestingly, hierarchically structured aerogels show a greater potential in 
enhancing solar evaporation compared to other aerogels. The hierarchical graphene 
foam (h-G foam) with continuous porosity grown via plasma-enhanced chemical 
vapor deposition, shows energy efficiency of solar evaporation up to 93.4% (Fig. 
5a)[75]. The hierarchically nanostructured gels (HNG) evaporates water with a record 
high rate of 3.2 kg/(m2·h), and the energy efficiency reaches up to 94% at one sun 
irradiation[76]. This extremely high evaporation rate was 2.1 times that of the 
traditional limitation of evaporation rate, which is around 1.5 kg/(m2·h) under 1 sun 
[77]. Coincidentally, the hierarchical graphdiyne-based architecture also provides a 
high energy efficiency as 91% under 1 sun[78]. Those results indicate that the 
hierarchical structure may have a great impact on the solar evaporation process. 
However, the underlying mechanism remains to be uncovered.  
Apart from the artificially synthesized aerogels showed above, natural 
biomaterial-based foam was also proved efficient in solar distillation, such as 
mushroom and wood (Fig. 5b and 5c) [79]. The cell walls in biomaterial form natural 
porous structure which is similar to that of aerogel, thus biomaterial also has a low 
thermal conductivity which is important for heat localization. Meanwhile, the 
cellulose in biomaterial is hydrophilic and provides strong capillary force for water 
replenishment to evaporation surface. Those characters of biomaterial and inspired a 
broad research of using woods in solar evaporation and desalination. However, 
although the solar thermal efficiency could be relatively high by using biomaterials, 
the durability of biomaterial is questionable, due to corrosivity of seawater to 
biomaterials. 
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Fig. 5  (a) Schematic diagram of hierarchical graphene foam. G foam means 
graphene foam, h-G foam is hierarchical graphene foam [75]. (b) Surface carbonized 
wood with the tree-growth direction parallel to the water surface [80]. (c) Schematic of 
a mushroom-based solar steam-generation device [79c]. (a) Reprinted with permission 
from Ref. [75]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. (b) Reprinted 
with permission from Ref. [80]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. 
KGaA. (c) Reprinted with permission from Ref. [79c]. Copyright 2017 Wiley-VCH 
Verlag GmbH & Co. KGaA. 
One of strategies by using biomaterials in solar evaporation and desalination is 
coating surface of biomaterials by other materials, such as graphene oxide[81], carbon 
nano tubes [82], metal nanoparticles [83] and polymers [84]. Another more convenient 
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and cost-effective strategy is carbonizing biomaterials directly [79b, 79c, 80]. Porous 
woods float on water spontaneously and function as insulation layer and water 
channel, while the black layer absorbs solar irradiation for water evaporation. Based 
on these principle, various biomaterials are studied, such as basswood [81], poplar, pine, 
and cocobolo wood [85], mushroom [79c], sugarcane [86] and leaf [87]. The most efficient 
biomaterials show an evaporation efficiency as high as 87% under one sun, which is 
comparable to artificial aerogels [84, 86]. 
3.2.2 Thermal design 
Besides material design, thermal design of the system is also an effective way to 
improve the performance of solar evaporation. The thermal design of the evaporation 
system can be divided into three categories, 3D, 2D and 1D system, based on the 
dimension of water channel. 
In 3D water channel systems, all the foam is penetrable, and water is transported 
through the bottom to the top surface of the foam for evaporation via the connected 
holes (Fig. 6a). Both aerogels and biomaterial-based systems, as discussed above 
belong to 3D water channel systems. Although the thermal conductivity of dry 
penetrable foam is low, the thermal conductivity increases obviously when the foam is 
filled with water, which weakens heat localization effect [21, 81]. 
Whereas in 2D water channel systems, a penetrable layer wraps over an 
impenetrable foam. The penetrable layer functions as a water channel and the 
impenetrable foam functions as an insulation layer. Because of reduced 
dimensionality of water channel, the heat dissipation through water will be decreased 
compared to 3D water channel systems. Li et al. firstly reported that with a 2D water 
channel, both efficient water supply and suppressed parasitic heat dissipation could be 
achieved simultaneously. The efficiency was reached to 80% by using graphene oxide 
film and polystyrene foam (Fig. 6b) [88]. Due to excellent thermal performances, the 
evaporation efficiency of the 2D water channel system can reach up to 88% by using 
cheap and scalable materials. However, the reduced dimensionality of the water 
channel might give rise to the problem of salt accumulation on the evaporation 
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surface, when applied to seawater evaporation system[77]. In order to avoid salt 
accumulation, the molecular diffusion and water convection in the 2D water channels 
must be sufficient[89]. 
As for 1D water channel systems, there are two categories: bundle type system 
and truck type system (Fig. 6c and 6d). In the bundle type system, the water is 
transported through a bundle of 1D water channels, which is similar to the jellyfish 
(Fig. 6c). By using porous carbon black/graphene oxide (CB/GO) composite as the 
top solar absorption layer, aligned GO pillars as water channels, expanded polystyrene 
(EPS) as an impenetrable insulation layer. The assembled jellyfish-like evaporator can 
display a high energy efficiency of 87.5% under one-sun illumination [90]. On the 
other hand, truck type system contains only one 1D water channel, similar to the tree 
trunk [91]. Based on this concept, Liu et al. achieved 91.3% of energy efficiency under 
1 sun by using airlaid paper as the truck and carbonized wood as solar absorber (Fig. 
6d) [92]. Generally, both 2D and 1D water channel systems can reach a high energy 
efficiency with simpler material fabrication process, due to the minimized heat 
dissipation. 
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Fig. 6 Different thermal designs of solar evaporation system. (a) 3D water channel 
system, porous foam is full of connected holes which function as water channels 
during the evaporation process[64]. Copyright 2015 Wiley-VCH Verlag GmbH & Co. 
KGaA. (b) 2D water channel system, a penetrable layer wraps over impenetrable 
insulation foam. Water is transported along the wrapping layer[88] Copyright 2016, 
National Academy of Science.. (c) Root type 1D water channel system, water is 
transported along the root-like pillar array[90]. Copyright 2017, Elsevier (d) Trunk type 
1D water channel system, the water channel is limited in the centre of impenetrable 
insulation foam[92]. Copyright 2018, Elsevier 
 
3.3 Factors analyzing by machine learning  
In the experiments of solar evaporation, the evaporation efficiency is affected by 
many factors, such as materials, thermal design, ambient temperature, and solar 
intensity, and so forth. Therefore, it is difficult to directly conclude the importance of 
different factors, and different works can’t be compared with each other. Herein, the 
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machine learning algorithm of random forest (RF) is used to analyze the importance 
of various factors (i.e. descriptor in RF). RF has been widely applied in many 
scientific and engineering fields [93], the main step of RF is shown in Fig. 7. After 
model construction, the importance of certain descriptor can be calculated by intrinsic 
metric. Experimental data used in RF are collected from articles since 2014 (Table S2). 
The detail of method and dataset are listed in Supporting Information. 
According to the results from RF, among all calculated factors, thermal design is 
the most important factor in solar evaporation, no matter how many descriptors are 
used in the calculation. The importance of thermal design is around 2 times higher 
than other descriptors (Fig. 8). This result shows that optimizing the heat transfer 
process in solar evaporation system is essential for enhancing the efficiency of solar 
evaporation. Solar absorptivity of materials is also relatively important, which is 
reasonable due to higher absorptivity enables more available energy for evaporation. 
However, most of the reported works have a very high absorptivity (>90%), hence its 
importance might be underestimated in the calculation. Meanwhile, due to the 
optimized thermal and material design, high efficiency can be obtained under low 
solar intensity as reported in many works (Table S2). Therefore, solar intensity is not 
important and similar to a random descriptor (i.e. a set of random data which should 
have no relationship to evaporation efficiency). The temperature of ambient (Tamb) 
and evaporation interface (Tinterface) are also insignificant, which might due to the 
small difference of Tamb and Tinterface between most of works as summarized in Table 
S2. The stable trend of importance of different factors in Fig. 8 proves that the 
calculated results are reasonable. 
However, it should be noted that some papers do not provide information about 
all descriptors. Data of ambient temperature, the diameter of evaporation surface, 
absorptivity, and the temperature of evaporation interface are missing in some papers. 
Therefore, to obtain a more accurate result, it requires authors to provide complete 
information on experimental factors in their papers. On the other side, some other 
important factors, such as the material design, can’t be considered and calculated in 
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the current stage, because the detailed properties of materials are not offered in most 
of papers, such as thermal conductivity, contact angle, specific area, porosity, 
characteristic size and chemistry properties and so forth. 
 
Fig. 7 Schematics of applying the random forest in studying the importance of 
different factors. 
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Fig. 8 Results of descriptor importance. The values are normalized as the sum of all 
values of descriptor importance equals 1. (a)-(d) are the results of using 2, 3,4, and 6 
different descriptors, respectively. Surface diameter is the diameter (length) of the 
evaporation surface. Tamb is the temperature of ambient, Tinterface is the temperature of 
evaporation interface. Random descriptor is a set of random values and should have 
no relationship to solar evaporation, which is calculated for comparisons. 
3.4 Section summary 
In summary, interface system exhibits better performance than volumetric system, 
due to heat localization effect. Porous materials are a better candidate for solar 
evaporation compared to nanofluids. Various micro/nanostructured porous materials 
are suitable for solar evaporation, such as paper-based film, artificial aerogel and 
natural biomaterials. The most efficient materials, especially the hierarchically 
structured aerogels, exhibit a more than 90% of energy efficiency. Meanwhile, the 
thermal design shows a significant role in solar evaporation according to calculation 
results by machine learning. Decrease the heat loss by decreasing the dimension of 
water channel generally enhances the evaporation efficiency. However, the narrowed 
water channel may also increase the possibility of salt accumulation, which is quite 
harmful to seawater based solar evaporation. 
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4. Research gaps between solar still and solar evaporation 
4.1 Low efficiency of solar still with floatable structure 
It is important to prove the effectiveness of applying materials in solar desalination 
by using solar still with floatable structure. However, there is only a few works carried 
outdoor experiments by using solar stills. It is found that although the evaporation rate is 
very high, low productivities and efficiencies are obtained for solar still. The daily 
productivity of solar still is usually about 1-4 L/day and the corresponding efficiency is 
below 40% under natural sun, which is far below the evaporation efficiency (usually as 
high as 60%-90%) [77, 89, 94]. It shows that there is a large research gap between solar 
evaporation and solar desalination using solar still. 
The reasons of lower productivity and efficiency in solar still are usually attributed 
to the lower solar intensity of natural sunlight, the optical impedance by condensed 
water drops and low condensation rate of vapor [94a, 95]. In the laboratory, the solar 
intensity can be maintained at from one sun to as high as more than ten suns. However, 
the solar intensity of the natural sun, varies from 0 at night to around one sun at noon. 
The evaporation efficiency will decrease when the solar intensity decreases, due to the 
lower temperature reached [89]. Meanwhile, when vapor condenses on the transparent 
cover as a droplet, the reflectance of cover will be increased, which reduces the solar 
energy received. The optical impedance might be avoided by using a more hydrophilic 
cover or a vapor-facing-down design as suggested by Liu et al. [95]. On the other hand, 
the low condensation rate of water vapor is due to the high cover temperature and 
insufficient condensation area [25a, 96]. 
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Fig. 9 (a) The efficiency versus the air-water interface temperature (details in Table S2). 
(b) Calculated productivity at different water temperature and glass temperature. 
 
Besides, there is another essential reason for low productivity and efficiency in solar 
still, which is usually ignored by most researchers: the low air-water interface 
temperature. In most of recent works, the temperature of the air-water interface in solar 
evaporation is usually maintained very low to decrease the heat loss and therefore 
enhance the energy efficiency. The temperature of the air-water interface under one sun 
is summarized at Fig. 9 (a) and Table S2. The air-water interface temperature in most 
works is at around 30-50 °C with the efficiency at around 70-90%. Only few of them 
reported a temperature of more than 80 °C [64, 68, 97]. 
But, for solar desalination using solar still, a higher air-water interface temperature 
will lead to higher productivity and efficiency [14, 98]. A very low air-water interface 
temperature will result in very low productivity and efficiency in solar still, although a 
good evaporation rate may be achieved. This is because, the vapor with lower 
temperature is more difficult to condense on the condensation plate (glass cover) due to 
the exponentially decreased difference of vapor pressure. Meanwhile, only a few parts of 
water can be extracted from the vapor when the temperature of vapor is close to that of 
the condensation plate. To illustrate this point, the productivity of solar still at different 
water temperature is calculated according to the half empirical equation (1) [7, 99]: 
   (1) 
where  is the heat transfer rate between glass and water by condensation, which is 
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proportional to the productivity of solar still.  and  are the temperature of water 
evaporation surface and inner surface of glass cover, respectively.  is the saturation 
vapor pressure of water surface at temperature .  is saturation vapor pressure of 
the inner surface of glass cover at temperature  
       (2) 
        (3) 
For a given temperature difference between the water surface and glass cover, the 
productivity increase with the increase in water temperature (Fig. 9b). The productivity 
almost doubled when the water temperature increases 10°C. The productivity of solar 
still is unable to reach a high value if the water temperature is lower than 40°C, due to 
the limited heat and mass transfer rate between water and glass cover. 
Therefore, materials and thermal designs for both high energy efficiency and high 
air-water interface temperature are very necessary in the future. It’s not only important 
to increase the productivity of solar still, but also important to some other processes that 
solar evaporation is involved, such as sterilization [100], latent heat recovery [101] and 
power generation [54], where high vapor temperature is preferred. 
 
4.2 Salt rejecting and durability 
Besides the unsatisfied productivity and efficiency of solar still by using foams and 
films, salt rejecting is another issue that draws a lot of attention. The rapid loss of water 
in the air-water interface leads to a significant increase in local concentration of salt. 
When the concentration of salt is saturated, the crystallized salt will reflect the solar 
irradiation and block the evaporation surface, and then slow down the evaporation[89, 102]. 
Therefore, whether salt crystallization will occur and affect the evaporation or not must 
be considered when design materials for solar still. 
The reported experiments about salt rejecting can be divided into two categories, 
cycle test and continuous test, shown in Table 2. In the cycle test, the materials are dried 
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or washed before the next cycle [75, 103], each cycle sustains 0.5-5 hours. Most of the 
cycle test shows that there is no salt crystallization which might be due to that the salt is 
removed timely or the good salt rejecting ability of materials. Although salt 
crystallization is observed in some works, the evaporation is not affected and remains 
stable [103a, 104]. Nevertheless, it is inconvenient to wash or dry materials circularly in 
solar still. Therefore, carrying out the long-time continuous test is necessary to further 
explore the salt rejecting performance of foams and films. It is found that salt 
crystallization is easy to occur at long-term continues test [102b, 105].  
To avoid the salt crystallization, the high concentration of salt on the evaporation 
interface must be diluted or removed timely. One way is using materials with relatively 
larger holes (millimeter scale), which ensures that the generated salt particles at the 
interface can fall to the bulk liquid through holes instead of accumulated on the interface 
[63a]. The holes also provide dilute solution which exchanges salt ions with the high 
concentration brine on the interface to avoid salt crystallization, as shown in Fig 10a [106]. 
Janus structure is another effective strategy to solve salt crystallization (Fig 10b) [102a]. In 
Janus structure, solar absorption and water pumping, are decoupled into different layers. 
There is an upper hydrophobic layer (CB/PMMA) for light absorption, and a lower 
hydrophilic layer (PAN) for pumping water. Therefore, salt can be only deposited in the 
hydrophilic layer and be dissolved quickly due to continuous water pumping. A more 
thorough way to overcome salt crystallization on evaporation interface is utilizing 
contactless structure [97b]. In this method, the solar absorbing structure absorbs solar 
radiation and re-radiates infrared photons to heat the water (Fig 10 c). The heat transfer 
between the solar absorbing structure and water is completely by thermal irradiation, 
instead of heat conduction or convection. Therefore, fouling is entirely avoided due to 
the physical separation from the water. 
However, the evaporation efficiency of the aforementioned three strategy is 
relatively low (25%-75%). A better way with high efficiency might be enhancing the 
water absorption ability of materials. For example, due to the free solutions exchange 
enabled by strong capillary effect, melamine resin sponge achieves an evaporation 
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efficiency of 85% under one sun and 90% under ten suns without salt crystallization 
after 11 hours of continuing test [105]. Hydrogel can also achieve a water evaporation rate 
of ∼2.6 kg/(m2·h) at ∼91% energy efficiency under one sun, without salt crystallization 
after 100 hours of continuing test [107]. Therefore, improving the water absorption ability 
of materials might be a very potential way to enhance the salt rejecting performance 
without losing energy efficiency. 
 
Fig. 10 (a) a diagram showing new design self-regenerating solar evaporator (left), 
and multipath ways mass transfer in the evaporator (right) [106], Copyright 2019 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Structures of Janus 
absorber during solar desalination [102a] Copyright 2018 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim (c) Mechanism of contactless solar evaporation 
structure. As the absorber heats up, it emits thermal radiation to the water, which 
is absorbed beneath the water/vapor interface [97b]. Copyright Springer Nature. 
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Table 2: Durability and salt rejecting performance of materials 
Categories 
of test 
Durations of test Total illuminated time 
/hours 
Salt crystallization Water type Solar intensity 
/kw 
Circular test 
15 cycles [103b] Unknown No Salt water (3.5 wt.% NaCl) 1 
10 cycles [77] 10  Yes Salt water (3.5 wt.% NaCl) 1 
20 cycles [75] Unknown No Sea water (salinity 2.75%) 1 
10 cycles [55a] 5 No Salt water (3.5 wt.% NaCl) 1 
10 cycles [68] 50 No Sea water (East Sea) 1 
50 cycles [108] Unknown Unknown Salt water (salinity unknown) 1 
15 cycles [104] 15 Yes Salt water (3.5 wt.% NaCl) 1 
100 cycles [103a] 100 Yes Salt water (3.5 wt.% NaCl) 1 
24 cycles [66a] 24 No Sea water (Bohai Sea) 2 
Continuous 
test 
20 hours [63a] 20 No Salt water (15 wt.% NaCl) 1 
100 hours [106] 100 No Salt water (20 wt.% NaCl) 1 
10 hours [92] 10 Yes Sea water (salinity 3.5%) 1 
10 hours [74b] 10 Unknown Sea water (East Sea) 1 
48 hours [107] 48 No Sea water (salinity 3.5%) 1 
10 hours [109] 10 No Salt water (3.5 wt.% NaCl) 2 
100 hours [79a] 100 Yes Sea water (Chesapeake Bay) 5 
11 hours [105] 11 No Salt water (3.5 wt.% NaCl) 10 
Immersing- 
Circular test 
28 days [76] 11 No Sea water (Gulf of Mexico) 1 
16 days [102a] 12 No Salt water (3.5 wt.% NaCl) 1 
30 days [110] 30 No Sea water (Yellow Sea) 1 
25 days [111] Unknown Unknown Sea water (East Sea) 2 
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The durability of materials is another essential point in solar still. The cost and 
difficulty of maintenance will be increased and the practical application will be limited if 
materials are required to be replaced frequently, especially for some remote and 
developing areas. Sea water contains not only salt but also some other contaminants 
such as minerals, bacteria, and sands, which make the durability of materials more 
challenging. 
Similar to the salt rejecting experiments, most of the durability results are obtained 
by cycle test or continuous test in salt water or sea water (shown in Table 2). Although 
the evaporation rate is stable, the duration remains just a couple of days, which is too 
short to prove the durability of materials. Therefore, several works extended their 
durability test to several weeks by immersing the samples in seawater [76, 102a, 110-111]. 
After days or weeks of storage, the samples were taken out and irradiated under one sun 
irradiation to verify the salt resistance by measuring the evaporation rate. Stable 
evaporation is observed and no obvious degradation of materials appeared in these tests. 
Although the samples contact with sea water for weeks, the total time of materials under 
solar irradiation is only tens of hours. Durability test under both long times of solar 
irradiation and seawater environment is still lacking. 
Therefore, the durability of materials needs more investigations to meet the 
requirement of practical application in solar still, where solar irradiation and seawater 
environment might last for months. To simulate the real work condition, it is 
necessary to carry out long-term experiments by testing the performance of materials 
in outdoor solar stills or vapor generators for weeks or months. 
 
4.3 Effect of solid-liquid interaction on water phase change 
Traditional phase change model only focuses on vapor-liquid interaction. The 
Hertz-Knudsen (HK) equation and its modified forms have proved very effective to 
predict the phase change rate from droplets [112]. However, when water evaporates 
from a porous structure, the solid-liquid interaction becomes significant, due to the 
abundant solid-liquid interfaces and the short distance between the evaporation 
surface and solid-liquid interface. Many important details which are helpful to 
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manipulate phase change process will be ignored by only focus on vapor-liquid 
interaction.  
Thin-film evaporation theory proves the importance of solid-liquid interaction 
from the aspect of heat transfer at the microscale level[113]. At the hydrophilic surface 
of porous foams or films, the water channel is filled with water meniscuses, which is 
constructed by three regions: (I) adsorbed or non-evaporation region, where water is 
adsorbed on the graphite due to the high disjoining pressure; (II) thin-film or 
transition region where effects of long-range molecular forces are felt; (III) intrinsic 
meniscus region, where the thickness of the water layer increases very fast [114]. In the 
adsorbed region, water sticks to the graphite tightly, and no mass/heat transfer occurs. 
Whereas in the thin-film region, the disjoin pressure is weak, while the thickness of 
the water layer is still thin enough to assure a low thermal resistance. Therefore, the 
most heat current runs through the thin-film region, hence the fast evaporation and 
low heat loss [115]. Although the area of thin film region is relatedly small compared to 
intrinsic meniscus region, the evaporation heat transfer may account for more than 
80 % of the total evaporation heat transfer [113a]. 
At the nano or molecular level, solid-liquid interaction endows fluids 
unconventional structural properties and dynamical behaviors, which greatly affect 
the phase change process. For example, the evaporation from water capillary in 
two-dimensional nanochannels surpasses the traditional Hertz–Knudsen limit by an 
order of magnitude [116]. The solar evaporation assisted by nanomaterials also shows 
unconventional phenomenon. The solar evaporation rate under one sun is able to be 
110% higher than the traditional limit due to the reduction of phase change enthalpy, 
which shows a great opportunity for the further improvement of phase change based 
solar desalination[76, 102b]. One possible reason of the enhanced evaporation is “cluster 
evaporation”, i.e. water evaporates as molecular cluster, instead of evaporates one 
molecular by one molecular. However, this explanation is questionable, due to the 
lack of convincible fundamental theory and experimental observation of water 
clusters undergoing “evaporation”[95]. Another possible reason is the reduced free 
energy barrier for evaporation across the liquid-vapor interface [117]. Molecular 
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dynamics reveals that the graphene edges of nanopores can boost the overall 
evaporative flux by more than 100%. The interaction between the water molecules is 
weaken by the charged edges of graphene nanopores. This local-field-driven dipole 
moment destabilizes the H-bond network of water at the interface, and may 
responsible for the enhancement in the evaporation rate. Nevertheless, many works 
have to be done to give us a reliable fundamental theory in this field, which is very 
important for the development of evaporation and solar desalination. 
 
5. Conclusions 
In this paper, a detailed review of current developments in solar stills with 
nano/micro materials is presented. Most of recent efforts were interested in improving 
solar evaporation, which is just one of basic process in solar still. Various materials, 
such as paper-based film, artificial aerogel and natural biomaterials, were applied to 
enhance the system efficiency and productivity. By combining heat localization at 
air-water interface and optimized thermal design, proper materials might achieve an 
efficiency more than 90% under 1 kw/m2 of solar irradiation. However, the 
productivity remains low when these materials were applied. This show the large gap 
between solar still and solar evaporation systems. Except lower natural solar 
irradiation and optical impedance by condensate droplets, the low water and vapor 
temperature might be another important reason in these evaporation systems. 
Meanwhile, salt rejecting and durability of materials are also two important 
challenges for the practical application of nano/micro materials. Enhance the water 
absorption ability of materials might be a very effective way to avoid salt 
crystallization. Besides the engineering and materials studies, more fundamental 
research is still missing and should be done to uncover the phase change mechanism 
at nano and molecular level. Especially, the new understanding on effect of 
solid-liquid interaction might open a new avenue in solar desalination field. 
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Method 
Random forest (RF) is a typical ensemble method, which combines multiple 
decision trees (DT) into one model to improve performance [1]. Given an initial 
dataset S, a random forest model consist of K decision trees can be established as 
follows: First, the bootstrap resampling method [2] is used to randomly generate K sets 
of data from the initial dataset S. Second, K decision trees will be grown based on K 
sets by specific random selection algorithm in each node [3]. Finally, the finally 
prediction is made by a weighted vote of all decision trees.  
In the present study, classification and regression trees (CART) [4] were used to 
construct the forest. For each tree in the forest, the Gini index defined in Eq (1) is 
used to evaluate the purity of a node in the tree. If all samples of a node belong to the 
same class, the Gini index equals to 0. 
                           (1) 
Where G(t) is the Gini index of node t,  is the relative frequency of class i in 
the node t.  
After model construction, RF can calculate importance of certain descriptor. For 
a single tree, a descriptor’s importance is defined as the sum of Gini index reduction 
over all nodes in which the certain descriptor is chose to split [5]. The final descriptor 
importance is averaged among all trees. 
 
Dataset 
86 Experimental data used in current study were acquired by collecting from 
articles since 2014. Due to the lack of details in original articles, there are some 
missing data of Surface diameter, Absorptivity, Tamb and Tinterface. The amount of 
missing data is 16, 22, 33, 24, respectively. The method of Mean Completer was used 
for filling missing data. Each descriptor was divided into three labels. The details of 
data representation are listed in Table S1.  
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Table S1 Details of data representation 
Descriptors Classification Labels 
Number of 
samples 
Solar intensity 
1 Kw 0 51 
1-10 Kw 1 25 
>10 Kw 2 10 
Thermal design 
3D interface 0 53 
2D\1D interface 1 21 
Volumetric 2 12 
Surface diameter 
<3 cm 0 30 
3-4 cm 1 29 
>4 cm 2 29 
Absorptivity 
<0.95 0 23 
0.95 1 31 
>0.95 2 34 
Tamb 
<24℃ 0 21 
24-25℃ 1 40 
>25℃ 2 27 
Tinterface 
<50℃ 0 37 
50-70℃ 1 31 
>70℃ 2 20 
Efficiency  
<75 % 0 28 
75 %~85 % 1 31 
>85% 2 28 
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Table S2 Dataset of machine learning 
Ref Categories 
I_solar 
(kW/m2) 
Tamb/RH 
(℃/ ) 
Water type Thermal design 
Absorptivity 
(%) 
Tinterface/vapor 
(℃) 
E_water 
(kg/(m2·h) 
Ev_rate 
(kg/(m2·h) 
Ev_dark 
(kg/(m2·h) 
Calibrated with 
Ev_dark 
E.F. 
(%) 
[6] 
floating 
particles 
1.355 25 /50 salt water (3.5%) 3D interface — 68 1 2.3 — Unknown — 
[7] 
floating 
particles 
1 25 /50 salt water (3.5%) 3D interface — 46 0.56 1.28 — Unknown — 
[8] nanofluid 10 24 /— water volumetric 99.5 (350-1900nm) 95 — 10.9 — Unknown 69 
[9] nanofluid 353 — water volumetric — 76 — — — — 35.6 
[10] nanofluid 0.8 21.4 /41 water volumetric — — — — — — 51 
[11] nanofluid 0.8 20 /40 water volumetric — 33.4 — — — — — 
[12] nanofluid 206 35 /— water volumetric — 100 — — — — 64.1 
[13] nanofluid 10 — water volumetric 90 (200-2500nm) — — 8.5 — Unknown 46.8 
[14] nanofluid 1 26 /— salt water (3.5%) volumetric 95 (220-2000nm) — — 1.12 — Yes 70 
[15] nanofluid 11 20.6 /20 water volumetric — — — — — — 69 
[16] nanofluid 280 — water volumetric — >100 — — — — 84 
[17] nanofluid 16.7 25 /55 water volumetric — — 4.4 15.74 — Unknown 59.6 
[18] nanofluid 1 28 /49 water volumetric — — — 0.86 — Unknown 53.6 
[19] nanofluid 10 25 /25 water volumetric — — — — — — 60.3 
[20] nanofluid 1 — water volumetric — — — 1.1 — Unknown 66 
[21] film 50.9 30.4 /— water 3D interface — 57.8 — — 0.114 — 44 
[22] film 20  water 3D interface 91 (400-2500nm) 80 — 15.95 1.13 Yes 57 
[23] film 1 24 /14 water 3D interface 97 (250-2000nm) 100 0.36 1.5 — Unknown 80 
[24] film 4.5 27 /— water 3D interface 87 (400-800nm) 80 0.78 4.9 — Unknown 77.8 
[25] film 1 22 /50 water 3D interface — 39 0.39 0.92 0.088 Yes 58 
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[26] film 1 — water Bottom Heating 95 (200-2000nm) — — — — — 60 
[27] film 1 22 /— salt water (3.5%) 3D interface — — 0.59 1.01 — Unknown 63.6 
[28] film 6.7 — water 3D interface — 62 — — — — — 
[29] film 1 — water 3D interface 98 (200-800nm) — 0.4 1.31 0.08 Unknown 82 
[30] film 1 — water 3D interface — — — — 0.117 — 77.1 
[31] film 4 24 /42 water 3D interface 99 (200nm-10μm) 65 1.55 5.6 — Yes 90 
[32] film 4 24 /48 water 3D interface 96 (400-1500nm) 68 2.37 5.7 — Yes 88 
[33] film 1 — water 3D interface 90 (400-1800nm) 80 0.59 1.13 — Unknown 70.9 
[34] film 10 — water 3D interface 98 (300-1200nm) 108 2.48 11.22 — Unknown 81 
[35] film 5 — water 3D interface 85 (200-2000nm) 61 3 4.95 — Unknown 62 
[36] film 1 26 /20 water 3D interface 94 (300-1500nm) — 0.42 1.55 0.1 Yes 91 
[37] film 1 — water 3D interface — 40 0.58 1.01 — Unknown 62.7 
[38] film 1 — water 3D interface >97 (350-1450nm) 35 0.44 1.18 — Unknown 76 
[39] film 4 25 /— water 3D interface 95 (300-1200nm) 45.4 0.89 4 — Unknown 71.8 
[40] film 1.95 — water 3D interface — 50 0.45 2.14 — Unknown 72.5 
[41] film 10 — water 3D interface 90 (400-1500nm) — 2.8 11.8 — Unknown 85 
[42] film 1 22 /60 water 3D interface 94 (400-2500nm) — 0.1 0.47 0.06 Yes 48 
[43] film 1 23 /55 water 3D interface 90.2 (250-2500nm) — 0.509 1.24 — Unknown 77.5 
[44] film 15 22 /36 water 3D interface 99 (280-820nm) 100 2.1 21 0.16 Yes 90 
[45] film 4 25 /22 water 1D interface 98 (400-2500) 73.5 2.4 6.01 0.24 Yes 94 
[46] film 2.94 25 /50 water 3D interface — 98.1 1.83 3.81 — Unknown 81.4 
[47] film 1 — water 3D interface 67.4 (400-1000nm) 31 0.1 1.42 — Yes 83 
[48] film 1 25 /— water 3D interface 90-96 (400-2500) 38.5 0.51 1.43 0.24 Yes 90.4 
[49] film 6 — water 3D interface 97 (200-2500nm) 60 3.96 8.24 — Unknown 83 
[50] film 5 — water 3D interface 95 (300-2500nm) 50 1.3 6.6 — Unknown 91.5 
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[51] foam 10 24 /31 water 3D interface 97 (250-2250nm) 100 5 12 0.074 Yes 85 
[52] foam 1.7 — water 3D interface 94 (300-800nm) 48 0.6 1.53 — Unknown 60 
[53] foam 10 — water 3D interface 96 (400-1100nm) 100 4.8 11.8 — Unknown 83 
[54] foam 1 — water 2D Interface 94(250-2500nm) 38.8 0.24 1.45 0.065 Yes 80 
[55] foam 1 20 /— water 3D interface 93 (200-2000nm) 100 — — — — 20 
[56] foam 24 — water 3D interface 97 (250-2500nm) 100 — — — — — 
[57] foam 51 — water 3D interface — 100 — 51.8 — Unknown 76.3 
[58] foam 10 26 /52.5 water 3D interface 95 (250-2500nm) — — 14.36 — Unknown 82.7 
[59] foam 1 25 /45 water 3D interface 92 (200-2500nm) — 0.5 1.622 — Unknown 83 
[60] foam 10 20 /— water 3D interface 92 (250-2500nm) 92 2.9 12.1 0.12 Yes 86.7 
[61] foam 1 25 /— water 3D interface 98(450nm-750nm) 43 0.46 1.13 — Unknown 78 
[62] foam 1 20.5 /47 water 3D interface — 42 — — — — 80 
[63] foam 1 — water 2D interface — — 0.478 1.33 — Unknown 83.9 
[64] foam 1 20 /25 water 1D interface 99 (250-2500nm) 38.4 0.36 1.27 0.132 Yes 87.5 
[65] foam 1 20 /30 water 2D interface 97 ((250-1200nm)) 36.5 0.39 1.25 0.1 Yes 85.6 
[66] foam 12 27 /— salt water (3%) 3D interface — 67 — 14.02 — Unknown 82.8 
[67] foam 1 21 /10 water 2D interface 98 (250-2500nm) 44.2 0.43 1.28 0.125 Yes 88 
[68] foam 10 — water 1D interface 92 (300-2500nm) 82 — 12.6 — Unknown 89 
[69] foam 1 20 /60 water 3D interface — — 0.23 0.83 — Unknown 52.2 
[70] foam 1 28 /— salt water (2.75%) 3D interface 90-95(295-2000nm) — 0.4 1.4 0.1 Yes 91.4 
[71] foam 1 — water 2D interface 90 (300-800nm) 43.9 0.42 1.31 0.1 Yes 83 
[72] foam 10 — water 3D interface 91 (300-1500nm) — 0.95 11.24 — Unknown 81 
[73] foam 1 25 /— water 2D interface 90 (200-2500nm) 40 0.05 1.282 0.492 Yes 9 
[74] foam 3.5 21.2 /— water 3D interface 98 (200-800nm) 75.7 1.8 7.54 — Yes 135 
[75] foam 1 28 /41 water 1D interface 96 (250-2500nm) 38 0.45 1.27 0.2 Yes 78 
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[76] foam 1 26 /40 water 3D interface 98 (300-2500nm) 43 0.45 1.05 — Unknown 72 
[77] foam 1 — water Bottom Heating — — 0.33 0.83 — Unknown — 
[78] foam 10 — water 3D interface 99 (250-2500nm) — 3.3 12.2 0.08 Yes 87 
[79] foam 1 24 /10 water 3D interface 95.2 (250-2250nm) 47 0.43 1.16 — Yes 81 
[80] foam 1 25 /— water 1D interface 98 (250-2000nm) 45 0.48 1.3 0.13 Yes 86.5 
[81] foam 1 23 /40 water 1D interface 98 (400-2500nm) 48.5 — 1.09 0.286 Yes 73 
[82] foam 1 21.5 /55 water 1D interface 97 (400-2500nm) 42 — 1.37 0.23 Yes 100 
[83] foam 1 — water 3D interface 97.5 (300-1200nm) 32.7 0.24 1.11 0.05 Yes 76.3 
[84] foam 1 — water 2D interface 94 (300-2500nm) 48 0.55 1.22 0.2 Yes 79.4 
[85] foam 1 — salt water (3.5%) 2D interface — 42 — — — — 56 
[86] foam 1 22 /— water 3D interface 95 (200-2500nm) 38 0.3 — — Unknown 80 
[87] foam 1 30 /— water 1D interface 95 (250-2500nm) 32.7 — — 0.47 — 85 
[88] foam 1 25 /50 water 3D interface 96 (400-1200nm) 43 0.462 — — Unknown 87.3 
[89] foam 1 25 /— water 1D interface 90-95(250-2500nm) 42.2 0.502 1.58 0.224 Yes 84.95 
[90] foam 10 20 /— water 3D interface 95 (300-2500nm) 103 — 12.26 — Unknown 89 
[91] foam 5 — water 3D interface 99(400-2500nm) 51.5 1.27 6.6 — Yes 86.2 
[92] foam 1 30 /60 water 1D interface 97 (250-2500nm) 50 — 1.45 0.156 Yes 91.3 
[93] foam 1 24 /40 water 2D interface 95 (400-1100nm) 48.5 — 1.13 0.11 Yes 78 
[94] foam 1 21.5 /55 water 1D interface 99.4 (250-2500nm) 37 — 1.45 0.59 Yes 100 
[95] foam 1 25 /— water 3D interface 98 (250-2000nm) 34 0.15 1 0.015 Yes 65 
[96] foam 1 22 /20 water 1D interface 99 (250-2500nm) 46.5 0.45 1.45 0.35 Yes 91 
[97] foam 1 —/45 water 3D interface 100 (200-2500nm) 46 0.5 3.2 0.025 Yes 94 
[98] foam 1 25 /45 water 3D interface 96.5(250-2500nm） 34.3 0.3 2.15 — No — 
[99] foam 1 25 /— water 1D interface 98 (400-2500nm) 43 0.39 1.79 0.19 Yes 92 
[100] foam 1 — water 3D interface 97 (250-2000nm) 38 0.44 2.6 — Unknown 91 
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[101] foam 1 20 /60 salt water (20%) 3D interface 98 (250-2500nm) — — 1.04 — Yes 75 
[102] foam 1 — water 3D interface 94 (400-2500nm） 43 0.463 — — Unknown 90.4 
[103] bulk water 1 — salt water (3.5%) contactless 92 (250-1500nm) 133 — — — — 25 
Note: “E_water” is the evaporation rate of pure water under solar irradiation, “Ev_rate” is the evaporation rate of using micro/nanomaterials under solar irradiation, 
“Ev_dark” is the evaporation rate of using micro/nanomaterials under dark condition. “Calibrated with Ev_dark” means whether the “Ev_dark” is subtracted from 
“Ev_rate”. “E.F.” is the efficiency of evaporation
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